Understanding the transmission of sensory information at individual synaptic connections requires knowledge of the properties of presynaptic terminals and their patterns of firing evoked by sensory stimuli. Such information has been difficult to obtain because of the small size and inaccessibility of nerve terminals in the central nervous system. Here we show, by making direct patch-clamp recordings in vivo from cerebellar mossy fibre boutons-the primary source of synaptic input to the cerebellar cortex 1,2 -that sensory stimulation can produce bursts of spikes in single boutons at very high instantaneous firing frequencies (more than 700 Hz). We show that the mossy fibre-granule cell synapse exhibits high-fidelity transmission at these frequencies, indicating that the rapid burst of excitatory postsynaptic currents underlying the sensory-evoked response of granule cells 3 can be driven by such a presynaptic spike burst. We also demonstrate that a single mossy fibre can trigger action potential bursts in granule cells in vitro when driven with in vivo firing patterns. These findings suggest that the relay from mossy fibre to granule cell can act in a 'detonator' fashion, such that a single presynaptic afferent may be sufficient to transmit the sensory message. This endows the cerebellar mossy fibre system with remarkable sensitivity and high fidelity in the transmission of sensory information.
Understanding the transmission of sensory information at individual synaptic connections requires knowledge of the properties of presynaptic terminals and their patterns of firing evoked by sensory stimuli. Such information has been difficult to obtain because of the small size and inaccessibility of nerve terminals in the central nervous system. Here we show, by making direct patch-clamp recordings in vivo from cerebellar mossy fibre boutons-the primary source of synaptic input to the cerebellar cortex 1,2 -that sensory stimulation can produce bursts of spikes in single boutons at very high instantaneous firing frequencies (more than 700 Hz). We show that the mossy fibre-granule cell synapse exhibits high-fidelity transmission at these frequencies, indicating that the rapid burst of excitatory postsynaptic currents underlying the sensory-evoked response of granule cells 3 can be driven by such a presynaptic spike burst. We also demonstrate that a single mossy fibre can trigger action potential bursts in granule cells in vitro when driven with in vivo firing patterns. These findings suggest that the relay from mossy fibre to granule cell can act in a 'detonator' fashion, such that a single presynaptic afferent may be sufficient to transmit the sensory message. This endows the cerebellar mossy fibre system with remarkable sensitivity and high fidelity in the transmission of sensory information.
We have used a parallel approach to make patch-clamp recordings from cerebellar mossy fibre boutons both in vivo and in vitro. In cerebellar slices, we targeted patch-clamp recordings to small structures (diameter about 2-3 mm) visible among the granule cells. Biocytin filling and subsequent processing ( Fig. 1a ; n 5 12) confirmed their identity as mossy fibre boutons, revealing characteristic thorny excrescences on collaterals of a thin axon emerging from the white matter 1,2 . Mossy fibre boutons had a distinctive set of electrophysiological characteristics, including an absence of spontaneous synaptic potentials or currents, a small membrane capacitance (C m 5 1.81 6 0.46 pF (mean 6 s.e.m.), n 5 7; Supplementary  Fig. 2 ), a high input resistance (R input 5 520 6 88 MV, n 5 12), pronounced outward rectification, and time-dependent 'sag' on hyperpolarization (Fig. 1c) . Using patch pipettes of similar tip sizes and geometries, we made recordings from mossy fibre boutons in the granule cell layer of cerebellar cortex in vivo, identified on the basis of their subthreshold and suprathreshold electrophysiological properties (Supplementary Table 1) , which were identical with those observed in vitro. Mossy fibre boutons in vivo showed no detectable spontaneous synaptic events ( Supplementary Fig. 3 ) and, when recovered, had a similar morphology (Fig. 1b) to those in vitro.
Mossy fibre boutons in vivo fired action potentials spontaneously at a rate of 3.9 6 0.8 Hz (n 5 10; Fig. 1d ), distinct from the spontaneous firing rates of interneurons in the granule cell layer and of granule cells in vivo [3] [4] [5] . Strong hyperpolarization of mossy fibre boutons (below 290 mV) or voltage clamp (at 290 mV) did not prevent spontaneous firing (n 5 5), suggesting that action potential initiation occurred electrotonically distant from the site of recording. However, action potential amplitude showed a marked dependence on membrane potential, decreasing with depolarization (Fig. 1g, h ), consistent with local Na 1 -channel inactivation limiting active invasion of the bouton at depolarized membrane potentials 6, 7 . Previous extracellular recordings from putative mossy fibre units in vivo have reported firing rates of up to 1 kHz (refs 8-11) . To determine the firing rates that single mossy fibre boutons can sustain, we injected brief current pulses to generate action potentials. Whereas long stepcurrent injections produced only a single action potential (Fig. 1c, d ), the injection of brief current pulses at high frequency resulted in repetitive firing at 500 Hz or greater ( Fig. 1e, f ; n 5 6). These data indicate that cerebellar mossy fibres are capable of faithfully generating spikes at extremely high frequencies.
Spiking evoked by peripheral sensory stimulation was observed in both cell-attached and subsequent whole-cell recordings from mossy fibre boutons. Sensory stimulation reliably generated bursts of spikes (4.2 6 0.6 action potentials with an average inter-spike interval (ISI) of 12.4 6 1.7 ms; n 5 3 responding boutons out of 10 boutons tested; Fig. 2a-c) . The onset latency of spiking was 27.0 6 19.2 ms, consistent with the onset latency of granule-cell excitatory postsynaptic currents (EPSCs) with the same stimulus and presumably reflecting a mixture of direct trigeminocerebellar and corticopontine input 12 . During the sensory-evoked presynaptic burst, the waveform of the action potential remained relatively constant, with the amplitude and maximal rate of rise decreasing by 15.3 6 10.3% (P . 0.1) and 24.7 6 8.4% (P , 0.05), respectively, within the burst, and with spike width increasing by only 4.9 6 2.7% (0.05 , P , 0.1).
Sensory stimulation evokes a burst of EPSCs in cerebellar granule cells 3 , the primary synaptic target of cerebellar mossy fibres. Because each granule cell receives only a small number of mossy fibre inputs, we determined whether transmission through a single mossy fibre could account for the postsynaptic burst ( Supplementary Fig. 1 ) by comparing the dynamics of sensory-evoked presynaptic and postsynaptic responses. First, the number of sensory-evoked postsynaptic EPSCs (5.4 6 0.7, n 5 14; Fig. 2d, e) was indistinguishable from the number of sensory-evoked spikes in single presynaptic mossy fibre boutons (P 5 0.45). Second, the latency of the first sensory-evoked presynaptic spike was similar to that of the first sensory-evoked EPSC (16.8 6 1.9 ms, P 5 0.26), and the timing of individual spikes was highly irregular (the coefficient of variation of evoked action potential intervals was 1.00 6 0.06; Fig. 2c ), comparable to the coefficient of variation of evoked postsynaptic EPSCs (0.69 6 0.03, n 5 14; Fig. 2d ). Third, the minimum ISI of sensory-evoked action potentials was short (1.9 6 0.5 ms, n 5 3; Fig. 2b , e) and not significantly different from the minimum inter-event intervals (IEIs) of the postsynaptic EPSCs (3.1 6 0.5 ms, P 5 0.27; Fig. 2e ). Finally, the mean ISI *These authors contributed equally to this work.
of the presynaptic spikes was also not different from the mean IEI (13.5 6 1.0 ms, P 5 0.64; Fig. 2e ). Because the number, pattern and frequency of sensory-evoked EPSCs were indistinguishable from those of the spikes in the sensory-evoked presynaptic spike burst, our findings are consistent with the idea that a single mossy fibre could provide the synaptic input observed in granule cells during sensory stimulation.
To further understand information transmission at the mossy fibre-granule cell synapse, we compared synaptic properties in vivo with those in vitro. We activated single mossy fibre-granule cell inputs using minimal stimulation in cerebellar slices 13 (Supplementary Fig. 4 with those recorded in vivo (Fig. 3) . The average amplitudes and paired-pulse ratios of EPSCs in vivo fell between those recorded in 1.2 and 2 mM [Ca 21 ] e in vitro (Fig. 3) , suggesting that the release probability in vivo was between those obtained in these two in vitro conditions.
Given that the instantaneous frequency of presynaptic action potentials can exceed 700 Hz (Fig. 2b) , we tested whether mossy fibre boutons can release transmitter at such high frequencies. Unitary mossy fibre EPSCs could reliably follow presynaptic stimulation at extremely high rates, up to 800 Hz for the first two stimuli and up to 500 Hz for the fifth stimulus (Fig. 4a, b) . This suggests that single mossy fibre boutons can release transmitter at frequencies comparable to the maximal frequency of presynaptic action potentials and EPSCs observed in vivo. Similar to the result for paired-pulse depression (Fig. 3) , synaptic depression during high-frequency trains in 1.2 and 2 mM [Ca 21 ] e in vitro was comparable to that of sensory-evoked EPSCs in vivo (Fig. 4c) . Despite substantial depression of peak amplitudes during high-frequency trains, the net charge transfer at the mossy fibre-granule cell synapse was affected remarkably little, with only about 30% depression observed at 500 Hz (Fig. 4d) . The robustness of transmission at high frequencies was ensured in part by summation of the tails of EPSCs at high frequencies (Fig. 4e) , most probably as a result of glutamate spillover from neighbouring synaptic contacts 16 . Consistent with this idea was the observation that the rise time of EPSCs and the proportion of slow-rising spillover EPSCs increased during both high-frequency stimulus-evoked EPSC trains in vitro and sensory-evoked EPSC bursts in vivo (Supplementary Fig. 5 ). These results demonstrate that a single mossy fibre bouton is capable of providing the rapid bursts of synaptic input to a granule cell observed after sensory stimulation. To test whether bursts of synaptic input provided by a single mossy fibre can trigger action potentials in granule cells, we stimulated single mossy fibre inputs ( Supplementary Fig. 4 ) using patterns recorded from mossy fibre boutons in vivo (Fig. 5b) , or using a regular stimulus pattern (five stimuli at 100 Hz) and recorded the resulting postsynaptic EPSPs and action potentials from postsynaptic granule cells in vitro. As the resting membrane potential of granule cells is variable in vivo 3 , we measured the spiking output in response to the stimulus over a range of membrane potentials (Fig. 5a ). Granule cells responded with bursts of spikes similar to that evoked in vivo with sensory stimulation 3 , regardless of the extracellular Ca 21 concentration or the pattern of presynaptic burst activity (Fig. 5c ), confirming that a burst of spikes can be triggered in granule cells by means of a single mossy fibre input. We have made intracellular recordings from nerve terminals in the intact mammalian brain. Previous recordings in vitro have shown that boutons from hippocampal mossy fibres 6, 17 , basket cells 18 and the calyx of Held 19 show qualitatively similar excitabilities, in particular strong outward rectification. Our results further show that mossy fibre boutons in vivo are capable of extremely high maximal firing rates, and that such high firing rates are triggered by sensory stimulation. The sensory-evoked burst of spikes observed in mossy fibre boutons is consistent with rapid burst firing recorded from the somata of neurons that form the mossy fibres in the trigeminal nucleus 20 , revealing that these high-frequency bursts are reliably transmitted from the soma to the axon terminals many millimetres distant. Our findings suggest that the release properties of mossy fibre boutons are matched to their high firing rates, and robust synaptic charge transfer is achievable at 500 Hz. The high fidelity of mossy fibre transmission is a consequence of several features of this synapse, including the multiple morphological contacts made by a mossy fibre with each granule cell 21 , the rapid recovery of each release site from synaptic release 22 , and the increasing contribution of glutamate spillover 16 at high frequencies. The prevailing view of transmission at the relay from mossy fibre to granule cell is that activity in multiple mossy fibres is required to drive spike output [23] [24] [25] [26] . Our findings provide direct support for a fundamentally different mode of operation of this relay, in which the sensory-evoked spiking observed in granule cells 3 can arise from a burst of spikes in a single mossy fibre, in an analogous manner to the 'detonator' function proposed for mossy fibres in the hippocampus 27, 28 . Although integration of multiple mossy fibre inputs is likely to occur under some circumstances [23] [24] [25] [26] , our findings show that it is not a prerequisite for sensory activation of granule cells in vivo, consistent with Marr's proposal 25 that under conditions of reduced input from across a population of mossy fibres, granule cell output can be driven by a single presynaptic mossy fibre. Given that bursts of EPSCs are required to trigger spike output from granule cells in vivo 3 , such an arrangement is ideally suited for the transfer of sensory information coded by a single sensory modality with the maximal signal-to-noise ratio. Such a single-fibre relay also provides the ultimate sensitivity to sensory input, yet it can reject spontaneous synaptic input 3 and remains modifiable because the number and timing of granule cell output spikes can be regulated by inhibition 3, 29 . The large synaptic divergence of single mossy fibre boutons 21 , and the multiple collaterals shown by each mossy fibre 2 , suggest that a sensory-evoked burst in a single mossy fibre may lead to the activation of a substantial number of neighbouring granule cells. Given that coincident activation of multiple granule cells is required for reliable activation of the downstream Purkinje cells 30 , this arrangement thus solves the problem of generating synchrony in a population of granule cells with sparse afferent input.
METHODS SUMMARY
In vivo patch-clamp recordings were made from mossy fibre boutons and granule cells in folia Crus I and IIa of the cerebellar cortex of freely breathing 18-27-day-old Sprague-Dawley rats anaesthetized with urethane or with a ketamine/xylazine mixture as described previously 3 . Sensory responses were evoked by a brief air puff delivered to the ipsilateral whiskers or perioral surface 3 . Patchclamp recordings from mossy fibre boutons and granule cells in vitro were made at 35-36 uC in cerebellar slices (200 mm thick) prepared with standard techniques 17 . Mossy fibre boutons were revealed by infrared differential interference contrast microscopy, with identification confirmed by biocytin staining after each experiment. For both in vivo and in vitro experiments, patch pipettes (6-9 MV for bouton recordings, and 5-8 MV for granule cell recordings) were filled with a potassium methanesulphonate-based internal solution. Data are given as means 6 s.e.m. ] e ). Several sweeps at different membrane potentials (set by adjusting holding current) are shown (same cell as in Supplementary Fig. 4 ). Spikes are truncated and stimulus artefacts have been removed for clarity. b, Schematic representation of three different stimulation patterns used in c to activate single mossy fibre inputs (in vivo 1 and in vivo 2 were taken from different mossy fibre bouton recordings in vivo). 
